Laboratory experiments were conducted on spin-up of a linearly stratified fluid in a rotating axisymmetric annular channel formed by two cylindrical coaxial walls and a flat bottom. Secular as well as instantaneous variation in rotation speeds was investigated for a range of Rossby numbers = ⌬⍀ / ⍀ഛ1, where ⌬⍀ is the change in the rotation rate and ⍀ is the final rotation rate of the annulus. The experimental studies reported by Smirnov et al. ͓S. A. Smirnov, P. G. Baines, D. L. Boyer, S. I. Voropayev, and A. N. Srdic-Mitrovic, "Long-time evolution of linearly stratified spin-up flows in axisymmetric geometries," Phys. Fluids 17, 016601 ͑2005͔͒ were extended to ͑i͒ explore the density structure of the corner regions formed adjacent to the inner and outer sidewalls of the annular channel during spin-up, and to ͑ii͒ investigate the role of the boundary conditions at the vertical sidewalls in the development of nonaxisymmetric disturbances and formation of large columnar eddies at late spin-up times. The latter was achieved by introducing roughness elements in the form of vertical prisms at the inner sidewall. Observations demonstrated that isopycnals ͑surfaces of constant density͒ experience large vertical displacements near the lateral boundaries during spin-up. The density gradient reduces to near zero in the corner regions, where the fluid is stirred, and increases above/below them near the outer/inner sidewalls, respectively. The relative height of the corner regions h / H ͑H is the depth of the fluid layer͒ was found to be determined only by the relative values of the Rossby ͑͒ and Burger ͑B u ͒ numbers and follows the experimental dependence h / H = 0.54 1/2 / B u . A flow stability regime diagram is presented as a function of the Rossby and Burger numbers. Introduction of roughness elements at the inner sidewall did not alter significantly the process and time scales of stratified spin-up, large eddy formation, and subsequent relaxation to the initial state obtained with smooth sidewalls. This finding confirms that the growth of instability in the sidewall shear layers studied by Smirnov et al. does not depend on viscosity.
I. INTRODUCTION
The present work is a continuation of the previous study 1 on the stability of an impulsively forced baroclinic zonal current in an annular channel with vertical sidewalls and a flat bottom. We focus attention on the evolution of a linearly stratified fluid during incremental spin-up ͑the rotation rate changes from ⍀ − ⌬⍀ to ⍀͒ in the annulus. It was demonstrated that the formation of cyclonic ͑near the outer wall͒ and anticyclonic ͑near the inner wall͒ vortices may occur under certain conditions at late times ͑several tens of rotation period͒. 1 These vortices are analogous, in some degree, to those observed on the density fronts during spin-up of a twolayered fluid. 2 The vortices facilitate transport of angular momentum from the solid boundaries to the bulk of the fluid and substantially reduce the spin-up time compared to the spin-up viscous time scale of a homogeneous fluid E −1 ⍀
, where H is the depth of the fluid layer, is the kinematic viscosity, and E = / ⍀H 2 is the Ekman number. Most previous studies of spin-up have been restricted to the analysis of axisymmetric perturbations or early times of the flow development ͑several rotation periods͒, while the nonaxisymmetric phase was left unconsidered until recently. 1, [3] [4] [5] Although a complete theoretical description of a nonlinear stratified spin-up problem is still lacking, 6 numerous laboratory and numerical studies have demonstrated that the transient Ekman layer forming during early times of spin-up plays a crucial role in determining the subsequent flow evolution. In the case of a homogeneous fluid the adjustment to a new rotation rate occurs only by means of the meridional circulation in a characteristic time scale T S = E −1/2 ⍀ −1 ͑Refs. 7-9͒. In the quasigeostrophic linear theory for stratified spin-up, 10 ,11 the importance of stratification is measured by the Burger number, B u = NH / fW, where f =2⍀ is the Coriolis parameter and W is the characteristic horizontal length scale of the flow. The density profile is characterized by the buoyancy ͑Brunt-Väisälä͒ frequency, N 2 =−͑g / 0 ͒͑d / dz͒, where z is the vertical coordinate, g is the acceleration due to gravity, and ͑z͒ and 0 are the background and reference densities, respectively. Stratification strongly influences the Ekman boundary-layer flow. It weakens Ekman suction, reduces the radial velocity, decreases the thickness of the Ekman layer, and causes the azimuthal flow to develop vertical shear. 12 The theory predicts the formation of "corner jets," which, however, still do not break the axisymmetry of the flow. For thermally isolated sidewall boundary condition, employed by most of the investigators, there exist two boundary layers at the vertical sidewall. 13 One layer adjusts the azimuthal velocity profile and has the thickness O͑E 1/4 H͒. The other layer of the thickness O͑E 1/2 H͒ accommodates the vertical velocity and density field at the vertical wall. Due to inhibition of vertical motions in the latter boundary layer, the meridional circulation may be closed by efflux of the fluid from the corner regions into the interior by corner jets.
Numerical simulations 14 showed, in agreement with laboratory measurements, 15, 16 that the azimuthal flow decays more rapidly than predicted 10 even for very small Rossby numbers ͑ӶE 1/2 Ӷ 1͒. The discrepancy has been attributed to viscous diffusion, which acts in the interior as a result of significant flow gradients established in the bulk of the fluid by the meridional circulation over the homogeneous spin-up time scale. When stratification is weak the corner jets experience oscillations with the period of the inertial-internal gravity mode, 17 which may also modify the spin-up process. A better agreement between the quasigeostrophic model and measurements is observed for secular stratified spin-up, when the angular velocity of the system is changed linearly over a relatively long-time period. 18 In general, the spin-up process is characterized by the acceleration time, T A = ⌬⍀ / ␣ ͑␣ = d⍀ / dt is the angular acceleration͒. 19 When T A ӷ T S the spin-up process is secular, otherwise it is impulsive. However, both the vertical and radial density gradients appear to be smaller than predicted by the theory in the corner regions.
Much less is known about the nonaxisymmetric stage of stratified spin-up. Particular attention has been given recently 5, 20 to the highly nonlinear flow regime ͑spin-up from rest, =1͒. Here, outward transport of the heavy fluid in the Ekman boundary layer causes a strong deformation of isopycnals near the sidewall followed by the development of nonaxisymmetric perturbations.
In our previous communication 1 we demonstrated that the formation of large-scale eddies depends on the relative values of the Burger and Rossby numbers. In our current study we investigate the density structure and evolution of the corner regions before and after the formation of eddies. In natural conditions the boundaries of the fluid domain are never smooth, and therefore it is of practical interest to investigate the role of "rough boundaries" on the evolution of spin-up flows. Here we address this issue only with respect to the vertical boundaries, while the bottom boundary remains smooth. The description of the laboratory setup in Sec. II is followed by the presentation of the main experimental results in Sec. III. The discussion of the results in Sec. IV concludes the paper.
II. LABORATORY SETUP
The experimental facility and technique are the same as used previously 1 and here we describe only the most relevant details. The annular basin is formed by two concentric rings of radii R i = 55 cm and R = 91 cm, so that the total width of the channel is W =36 cm ͑Fig. 1͒. The tank was linearly stratified ͑by salt͒, while rotating counterclockwise. The resulting background buoyancy frequency was kept close to unity ͑N Ϸ 1 s −1 ͒. The total depth of the fluid varied during the course of the experiments and was set to H = 7, 12, and 18 cm. The tank was covered with a transparent canopy, allowing a small gap between the cover and the free surface, to minimize the wind-shear effect. The annulus was positioned on a rectangular platform ͑4 ϫ 2 m 2 ͒, whose rotation rate was changed during a 5-s time interval ͑a fraction of the typical value of the rotation period͒. A wide range of the Rossby numbers was produced by varying both the initial rotation rate ⍀ − ⌬⍀ and its increment ⌬⍀. The flow evolution was monitored for about 100 rotation periods, T =2 / ⍀. Verticality of the axis of rotation was controlled using a U-shape tube filled with the water. The vertical parts of the tube were fixed at the opposite sides of the platform ͑4 m apart͒. The change in the water level during one full revolution did not exceed 0.1 cm.
Because the fluid domain was not closed, one should consider the effect of the free-surface curvature on the flow characteristics. The change in configuration of the free surface during spin-up may induce a radial motion, which modifies the spin-up process. 7 The importance of this effect is measured by the rotational Froude number, Fr= ⍀ 2 R 2 / gH, which was relatively small in our experiments.
To investigate the role of rough boundaries roughness elements in the form of rectangular prisms were attached vertically to the inner wall. These penetrated through the whole depth of the fluid. The size of the elements ͑cross section of 0.6ϫ 0.6 cm 2 ͒ was chosen to be much smaller than the width of the fluid domain W and the spacing between the elements ͑about 7 cm͒. For the typical values of ⌬⍀, the Reynolds number based on the size of the roughness FIG. 1 . Schematics of the experimental facility. Inner ͑1͒ and outer ͑2͒ cylindrical walls form an axisymmetric annular channel of the width W. The motion of a linearly stratified rotating fluid layer of the depth H was video recorded from above using a camera ͑3͒ fixed relative to the rotating reference frame. x and y axes ͑in cm͒ form a local Cartesian coordinate system in the horizontal plane ͑when x =0, y axis is orthogonal to both inner and outer sidewalls, i.e., it points in the radial direction͒.
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Smirnov, Boyer, and Baines Phys. Fluids 17, 086601 ͑2005͒ elements and the characteristic velocity at the inner wall was about 100 ͑at the beginning of spin-up͒ to guarantee flow separation. The flow was visualized by introducing a neutrally buoyant dye tracer ͑thymol blue͒ in the vicinity of the outer and inner walls before initiating spin-up. The evolution of the dye tracer was recorded from above with a camera fixed relative to the rotating reference frame. In some experiments small particles ͑Pliolite VT͒ with a mean size of 250 m and appropriate density were distributed uniformly at a certain depth and illuminated with a light source from the side. Their motion was recorded from above and processed using DIGIM-AGE software. 21 The resulting velocity and vorticity vector fields were obtained using the software package TECPLOT. 22 Data on the instantaneous vertical density profiles were collected by traversing a four-electrode microscale conductivity probe 23 at 1.5 and 2.5 cm from the outer and inner walls, respectively. The voltage recordings were instantly reproduced in a graphical format by means of a plotter and later converted into salinity values using the calibration curves. In a few experiments the vertical profiles were measured at 8 cm from the outer wall to allow the scans through the center of the eddies in order to examine their baroclinic structure. The probe was calibrated in advance using solutions of known density. Because density and salinity are related through the equation of state ͑z͒ = 0 ͓1+␤s͑z͔͒, the data collected may be used to make estimates of isopycnal displacements, ͑z , t͒ = ͓s͑z , t͒ − s͑z͔͒g␤ / N 2 , where ␤ =7 ϫ 10 −4 ͑0/ 00 ͒ −1 , and s͑z , t͒ and s͑z͒ are the instantaneous and background salinities, respectively.
Although almost all experiments reported in this study correspond to impulsive spin-up ͑T A Ϸ ⍀ −1 Ӷ T S ͒, two runs were conducted to simulate secular spin-up ͑T A Ϸ 3T S ͒. In the latter case the angular velocity of the tank was changed linearly in time as ⍀͑t͒ = ͑⍀ − ⌬⍀͒ + ␣t, where ␣ = ⌬⍀ / T A = const. For typical values of the governing parameters the angular acceleration was very small, O͑10 −5 s −2 ͒.
III. EXPERIMENTAL RESULTS
The initial phase of stratified spin-up in the annulus follows the same trend as in a homogeneous fluid. Incremental spin-up generates an anticyclonic current relative to the rotating reference frame. The formation of the Ekman bottom boundary layer due to the stresses applied to the fluid at the bottom of the annulus occurs within less than one revolution of the system. It siphons off the fluid from the core of the fluid domain, transports it radially outwards, and ejects it into the corner regions. This process is visible in Fig. 2 . In all dye visualization images the outer sidewall is shown in the upper part of the figure and the direction of the spin-up flow is from left to right. Visualization was performed at the middepth, but a small portion of the dye tracer was introduced close to the bottom. One can observe the "spiral arms" and rolls, which propagate to the left relative to the spin-up flow and are usually associated with boundary-layer instabilities. 19 The rolls decay after a few rotation periods. The evolution of the spin-up flow at later times depends on the relative values of the Burger and Rossby numbers. 1 Here we modified the boundary condition at the inner wall to investigate its effect on the development of nonaxisymmetric instabilities and formation of large-scale eddies. The main questions we address are ͑i͒ does the instability develop earlier for the rough boundary conditions and ͑ii͒ where does it occur first, near the outer smooth wall or near the inner rough wall? The nonaxisymmetric instability was identified by regions of flow where the streamlines are closed. In spite of such a simple definition, it is difficult to determine the exact moment when this occurs for the first time. Therefore, we employed a more practical criterion, relating the development of nonaxisymmetric instabilities to the formation of large-scale eddies which occupy a substantial fraction of the annular domain.
Most of our experiments were conducted for the following spin-up conditions: ͕⍀ − ⌬⍀ ; ⍀͖ = ͕0.15; 0.168͖, ͕0.15; 0.18͖, and ͕0.25; 0.28͖ s −1 . Because the background linear stratification was kept at about the same level, N Ϸ 1 s −1 , the variation of the Burger number was accomplished mainly by changing the depth of the fluid layer and by modifying the rotational rate of the annulus. As noted previously, 1 the azimuthal symmetry of the flow is preserved for small Rossby and large Burger numbers. This result is also confirmed for the rough boundary conditions, which apply to the experiments described here. Both dye visualization ͑Fig. 3͒ and particle tracking ͑Fig. 4͒ methods show that the spin-up flow remains stable at very late times, when = 0.107 and B u Ϸ 1. The direction of x and y axes is shown in Fig. 1 , so that y = 55 cm corresponds to the inner boundary at x = 0 in Fig. 4 . The total view field in the radial direction covers approximately half the channel width. The dye tracer, diffused by shear, produces smooth streaks near the outer and inner sidewalls. The streaks preserve their circular shape and slowly diffuse into the fluid interior. When the Rossby number is small, the fluid parcels adjacent to the inner wall move smoothly around the roughness elements, which cause only small local disturbances in the flow. The streamlines, shown 
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by the thick solid lines in Fig. 4 , preserve circular shape at different times during spin-up. A drastic change in the flow development occurs for higher rotational rates of the annulus ͑Fig. 5͒. The instability of the Ekman boundary layer is not visible because the dye tracer was introduced into the flow above the bottom of the annulus. Flow separation near the inner rough wall generates small vortices almost immediately after the beginning of spin-up. Advected anticyclonically by the flow, these vortices merge and form larger columnar eddies, which have the typical size of 2s, where s is the spacing between the roughness elements ͓Fig. 5͑a͔͒. This process is even more evident in Fig. 6͑a͒ , where one can see such an anticyclonic eddy in the vicinity of the inner wall at t / T = 5. The flow near the outer wall ͑not visible in the particle tracking images͒ remains smooth at the same time ͓Fig. 5͑a͔͒. Thus, the roughness elements provide more effective transport of the angular momentum near the rough wall and cause local breaking of azimuthal symmetry of the flow. This result was predictable. However, the expectation that even larger eddies will arise and penetrate into the fluid interior shortly after is not realized. At later times the flow recovers azimuthal symmetry, so that all remaining nonaxisymmetric disturbances are trapped between the roughness elements ͓Figs. 5͑b͒ and 6͑b͔͒. The formation of large cyclonic ͑near the outer wall͒ and anticyclonic ͑near the inner wall͒ eddies occurs later in time. When this process occurs it is irreversible and has an explosive character. It does not cease until the whole flow field is occupied by a series of vortices with alternating signs ͓Figs. 5͑d͒ and 6͑c͔͒. Their configuration sometimes has a peculiar form, like the one shown in Fig. 5͑d͒ , where a large cyclone has a "tail" composed of two smaller vortices of opposite signs. This tail slides along the sidewall without separation following the cyclone.
The process described above may be reproduced for B u Ϸ 1 as well, although larger Rossby numbers are required in this case ͑Figs. 7 and 8, = 0.167͒. Here, the Burger number is increased by reducing the rotational rate of the system, although the increment, ⌬⍀ = 0.03 s −1 , is the same as in Figs. 5 and 6. The flow undergoes the same stages of development. The vortices caused by the flow separation near the inner wall develop at about the same time. This phase is followed by laminarization of the spin-up flow ͓Figs. 7͑b͒ and 8͑b͔͒ and the formation of a regular system of eddies at later times. The tail is clearly seen in Fig. 7͑c͒ .
A different flow pattern is observed for shallower depths of the fluid layer ͑Fig. 9͒. Here, the Rossby and Burger numbers have the same values as in the case shown in Fig. 5 , although the increment of the rotation rate ⌬⍀ is smaller ͑ ⌬⍀ = 0.018 s −1 vs ⌬⍀ = 0.03 s −1 ͒. The formation of very elongated and slowly propagating eddies near the sidewalls occurs at very late times. The difference in the flow behavior in Figs. 5 and 9 may be due to the increasing effect of the bottom friction in the latter case ͑the Ekman number is about five times bigger in Fig. 9 than in Fig. 5͒ . This effect should become dominant for very small water depths. However, we recognize that this remains to be only a hypothesis and one needs to conduct an extensive study to investigate the role of 
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the Ekman number on the dynamics of nonaxisymmetric instabilities. Larger Rossby numbers increase the nonlinearity of the system. The dye introduced near the inner rough wall diffuses within a few rotation periods making this flow visualization technique inapplicable. Sidewall boundary layer becomes thick at early times, as shown in Fig. 10͑a͒ . The eddy formation time decreases with increasing Rossby number in accordance with the observations 1 ͓Fig. 10͑b͔͒. A joint flow regime diagram incorporating both the smooth and rough boundary conditions at the inner wall is shown in Fig. 11 . In general, the presence of the roughness elements does not modify the flow regime diagram.
To quantify the effect of the Ekman boundary-layer transport we conducted measurements of the instantaneous salinity ͑density͒ profiles in the corner regions at different times during spin-up. A typical example is shown in Fig. 12 , which corresponds to the experimental conditions in 
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Nonaxisymmetric effects of stratified spin-up Phys. Fluids 17, 086601 ͑2005͒ sion of salt and are typical for this kind of experiment. 15 This effect is negligible for the first runs, when stratification is "new." Because the same filling was used several times, the distortions amplify with time regardless of the relative slowness of the diffusion process. Nevertheless, the repeatability and consistency of our results, obtained for the same governing parameters with new and "old" stratifications, suggest that this effect has no influence on the development of nonaxisymmetric instabilities. The broken lines in Fig. 12 show the instantaneous salinity profiles 1.5 cm from the outer ͑smooth͒ sidewall. After the transient Ekman boundary layer is established within less than one rotation period, it starts delivering the fluid towards the sidewall, where it piles up promoting the growth of the corner regions. At early times after spin-up one may observe a very distinct boundary between the corner region, where the salinity gradient is essentially zero ͑see the broken line marked with squares in Fig.  12͒ , and the fluid layer above it, where the salinity gradient is significantly increased. The latter occurs because of the squeezing of isopycnals by the growing corner regions. The system reaches a quasisteady state, when the corner regions remain at the same height, at the spin-up time T S = E −1/2 ⍀ −1 , which in this case yields T S / T Ϸ 10. During the time period 0 Ͻ t Ͻ T S the fluid in the corner regions is stirred. Hereafter we use the term stirring to emphasize that the process is reversible, in contrast to the process of mixing, when the density of the fluid is changed irreversibly. Some overturning events occur at the base of the corner regions, where the salinity values fall below the background level. The flow evolution at the next phase of spin-up depends on the initial values of the governing parameters. When the Rossby number is high, as in Fig. 12 , the relaxation process ͑the returning of the density field to its original distribution͒ commences almost immediately after the flow reaches a quasiequilibrium state, via the formation of large eddies. During this phase the height of the corner regions diminishes, while stratification is restored inside them, though it remains much weaker than the initial one. The density gradient starts degrading in the upper part of the fluid layer as shown by the increasing spacing between isopycnals. Salinity measurements conducted through the center of the cyclone ͑made visible by the dye tracer at a given level of observations͒ reveal that the latter has the first mode baroclinic structure, because salinity perturbations stay positive through the whole water column ͑see Fig. 12 , t / T =13͒. Under our experimental conditions all eddies observed had the first mode baroclinic structure. Because large increments in the rotation rate generate significant salinity perturbations and strong azimuthal variations in the flow, the form of subsequent salinity profiles is sensitive to the location of the sampling point relative to the eddy. For example, salinity perturbations in the upper part of the fluid column at t / T =20 ͑center of the eddy͒ appear to be larger than those at t / T =17 ͑outside the eddy͒. It means that upwelling caused by the cyclonic motion is so strong that it yields larger deformations of isopycnals at later times compared to those observed outside the eddy at earlier times. At even later times the original salinity profile is almost completely restored ͑Fig. 12, t / T =32͒.
The density field near the inner rough wall ͑Fig. 13͒ demonstrates in some degree an opposite trend compared to the one described above. In this case the Rossby number is the same as in Fig. 12 , but the Burger number is slightly lower. Therefore, we may assume that these two experiments should at least qualitatively reproduce the same flow regime. The fluid near the inner wall is driven by the Ekman layer suction. The upper part of the fluid column "homogenizes" ͑the spacing between isopycnals increases͒, while stronger salinity gradient is established at its base, where the isopycnals are compressed ͑Fig. 13, t / T =8͒. The absolute values of the salinity near the bottom consistently diminish with time. This is in agreement with the fact that the lighter fluid is drawn into the Ekman layer. The salinity profile at t / T =8 is not monotonic because it is disturbed by the merging vortices. It becomes smoother after laminarization of the flow 
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Smirnov, Boyer, and Baines Phys. Fluids 17, 086601 ͑2005͒ ͑Fig. 13, t / T =12͒. The duration of this transient process is determined by the homogeneous spin-up time scale T S . The relaxation process near the inner wall commences at about the same time as in Fig. 12 . The boundary between two fluid regions with different salinity gradients is pushed upwards, so that the spacing between isopycnals in the upper/bottom layers decreases/increases. Salinity perturbations near the inner wall always have negative sign. Therefore, the anticyclones ͑not associated with the flow separation͒ have also the first mode baroclinic structure. At later times the salinity distribution returns to its initial state. To determine the lateral dimensions of the corner region we measured the instantaneous salinity profiles at a larger distance from the outer wall ͑8 cm͒ and compared them with those collected at 1.5 cm. The result of such a comparison is shown in Fig. 14 , where we plotted the vertical distribution of salinity perturbations, ␦S = s͑z , t͒ − s͑z͒, at different times during spin-up. The background salinity profile in this graph would be depicted by a vertical line ␦S = 0. Salinity perturbations are noticeably larger in the vicinity of the sidewall for all times before the formation of cyclones ͑Fig. 14, t / T = 5 and 27͒. Salinity perturbations near the wall ͑solid symbols͒ experience almost a linear growth until some height h, when the curves sharply deviate back to the initial salinity values. This height h denotes how thick the corner region is. Because the fluid engulfed into the corner region is stirred, the difference ␦S between the initial linear gradient and a constant salinity value should demonstrate a linear growth. A similar trend is observed farther from the wall ͑open symbols͒. However, at this location the establishment of the corner region ͑where the fluid is stirred͒ is delayed in time ͑compare two curves at t / T = 5 and 27͒. This result shows the existence of strong lateral density gradients ͑fronts͒ in the interior of the fluid. When the eddies are well developed, their centers are shifted from the lateral boundaries. Therefore, the density probe readings away from the wall but through the center of the eddy are comparable with those obtained near the wall ͑Fig. 14, t / T =53͒. Also, because the same location close to the central part of the annulus is occupied by both the cyclones and anticyclones at different times, salinity perturbations may be either positive ͑in the cyclone͒ or negative ͑in the anticyclone; Fig. 14 , t / T =80͒. At very late times the relaxation process brings the salinity gradients back to their initial values.
It was noted before that substantial salinity perturbations are produced when the Rossby number is large. This is evident in Fig. 15 , where a comparison of measured distributions ␦S͑z͒ at 1.5 cm from the outer wall is given for = 0.107 and = 0.5. The height of the corner region, easily identified as a peak in ␦S͑z͒ profile, in the latter case is almost twice as big as in the former case. The relaxation process progresses faster for large , while two profiles marked with the open squares and triangles ͑ = 0.107͒ stay close to each other during a relatively long-time interval. For large the profile is nonmonotonic ͑Fig. 15, t / T =36͒, and although salinity perturbations are positive at all depths, the layering of the flow ͑formation of the regions with different N͒ is evident in a zigzag shape of the profile.
The influence of the Burger number on the structure of the corner region is shown in Fig. 16 . The Rossby number is the same in both experiments, while the variation in the Burger number was achieved by modifying the rotation rate of the annulus ͑for the same total depth of the fluid layer 
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Nonaxisymmetric effects of stratified spin-up Phys. Fluids 17, 086601 ͑2005͒ H =18 cm͒. The solid symbols in Fig. 16 and the open symbols in Fig. 15 correspond to the same experiment. The absolute values of salinity perturbations are smaller for lower , but the effect of increasing B u inhibits them even more. In the case shown by the open symbols in Fig. 16 the flow preserved its axisymmetry at all times and the formation of eddies did not occur. In general, it is known that for a system of a horizontal scale W, a vertically sheared baroclinic state is established in the characteristic time ⍀W / N͑⍀͒ 1/2 = B u −1 T S ͑Ref. 24͒. Our observations suggest that when B u Ͼ 1, the corner regions reach their quasiequilibrium height in a time scale B u −1 T S , which is less than the homogeneous spin-up time. However, when B u Ͻ 1, the same state is achieved in a time scale T S . The relaxation process is very slow and starts later for larger B u .
The data collected for the height of the corner regions ͑at 1.5 cm from the outer sidewall͒ for a wide range of are shown in Fig. 17 for different boundary conditions, namely, rough and smooth inner sidewalls. Two experiments were conducted with a "barrier." For this an azimuthally symmetric ring with the height 0.6 cm was attached to the bottom of the annulus 6 cm apart from the outer sidewall. The ring served as a barrier for the meridional flow and may be considered as thin relative to the total depth of the fluid layer ͑H =12 cm͒. We wished to determine if the ring, which is thicker than the laminar Ekman boundary layer ͑␦ E ϳ ͱ / ⍀ ϳ 0.2 cm͒, would reduce the height of the corner regions and subsequently prevent the formation of eddies. Interestingly enough, we did not observe any substantial reduction in the size of the corner regions ͑see the solid squares in Fig. 17͒ . The eddies formed for both experimental conditions ͑ , B u ͒ = ͕͑0.107, 0.57͒ ; ͑0.167, 0.93͖͒ at about the same time as in the cases without any barrier. Therefore, we did not pursue 
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further this idea and did not try to modify the barrier configuration. The height of the corner regions nondimensionalized by the fluid depth may be approximated by the following function:
In general, for small the error in determining the height h increases because the transition in salinity profiles becomes more gradual at the boundary of the corner regions.
To determine if there is any correlation between the relaxation time T rlx , when the corner regions start subsiding, and the eddy formation time T e , we collected all flow visualization data obtained for the cases when eddies form ͑Fig. 18͒. Because the experiments were conducted for different fluid depths and visualization levels, we restricted our data set to the range of 3.5-5 cm from the bottom of the annulus, the elevation that is comparable with the size of the corner regions. Although the data set is limited, Fig. 18 shows such a correlation between T rlx and T e .
Another method that we used to control the development of nonaxisymmetric instabilities is the secular spin-up. The acceleration time was increased from 5 s, which is about 1 / 5 of the rotation period, to 12 min, so that T A Ϸ 3T S . The main hypothesis was that the extended acceleration period would modify the Ekman suction, reduce the size of the corner regions, and prevent the formation of the eddies. However, our observations showed that the spin-up flow demonstrates a different scenario. The corner regions experience a continu- 
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Nonaxisymmetric effects of stratified spin-up Phys. Fluids 17, 086601 ͑2005͒ ous linear growth with time during the acceleration phase. Their ultimate height, achieved shortly after the completion of this phase, was found to be the same as in the instantaneous spin-up case. After that the evolution of the secular spin-up flow follows the same path. Although the absolute time ͑from t = 0, when the change in the rotation rate is initiated͒ of eddy formation is greater than for instantaneous spin-up, the relative time ͑from the end of the acceleration phase͒ appears to be the same as well as the characteristics of eddies ͑the wavelength, size and location relative to the sidewalls͒. Therefore, we conclude that the secular spin-up does not alter significantly the spin-up process at late times.
IV. DISCUSSION AND CONCLUSIONS
In general, the experimental observations conducted during this study confirm the results reported in Ref. 1 for the smooth boundary conditions at the vertical sidewalls. It was demonstrated that the roughness elements cause flow separation and generation of nonaxisymmetric instabilities near the inner sidewall within a few rotation periods after the beginning of spin-up, but these instabilities have a transient character, and the spin-up flow recovers azimuthal symmetry at either homogeneous spin-up time scale T S ͑if B u Ͻ 1͒ or stratified spin-up time scale B u −1 T S ͑if B u Ͼ 1͒. The major system of large eddies develops at approximately the same time when the relaxation process begins, i.e., when the density field starts readjusting to its original distribution. This system comprises the cyclones and anticyclones, which form approximately at the same time near the outer and inner sidewalls, respectively, and have the same characteristics as those observed in Ref. 1 . It was also confirmed that the eddies start developing close to the bottom of the annulus ͑es-pecially in the case when the Burger number is large͒, while their signature at the free surface ͑identified by the floating particles͒ manifests with some delay. Isopycnals colored by the dye are oriented at an angle with the horizontal, and so are the trajectories of fluid parcels.
Our measurements revealed that the density field undergoes a dramatic change during spin-up due to the meridional circulation. For example, near the outer boundary the density gradient becomes smaller inside the corner regions, where the fluid is stirred, relative to its equilibrium value and bigger in the upper part of the fluid column, where the isopycnals are compressed. In fact, the buoyancy frequency above the corner regions ͑before relaxation͒ may be expressed as
Here we assume that the size of the corner regions is always less than the total depth of the fluid. This assumption is invalid for very low B u , when the expression under the radical becomes negative. In this case stratified spin-up mimics its homogeneous counterpart. On the other hand, when B u is large, N ϾCR is close to N, because h Ӷ H. The eddies first develop close to the sidewalls where the deformations of isopycnals are stronger, and only later occupy the whole width of the annulus. In spite of the additional complexities introduced in these experiments, and the 
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Smirnov, Boyer, and Baines Phys. Fluids 17, 086601 ͑2005͒ finite amplitude of internal changes in the density field, the formation of the eddies is consistent with the baroclinic instability process identified and described theoretically in Ref.
1, where we investigated the effect of viscosity on the growth of the sidewall shear layers and disturbance ͑Sec. IV C͒. The main result of this analysis was that the growth rate of a disturbance in the sidewall layers is independent of the fluid viscosity. A similar conclusion may be deduced in the case of a rough sidewall, when the molecular viscosity is substituted with the eddy viscosity. The observational evidence that the rough boundary does not change the time required for the flow to become unstable appears to be consistent with this result. In other words, although with the eddy viscosity the shear layer grows faster, it needs to be wider ͑than in the case of the molecular viscosity͒ in order that the effect of the no-slip boundary condition does not damp the disturbance. Viscosity in the central region of the fluid is not important here, though the bottom Ekman layer, which was not considered in Ref. 1, may influence the flow development.
The corner regions grow until they reach a quasiequilibrium height limited by stratification. After completion of this stage there exists a time period when the mean azimuthal flow is quasisteady and is in geostrophic balance. This state is characterized by horizontal and vertical shears, so that the corner regions maintain their height at an almost constant level. Because the flow speed continuously decreases with time, the geostrophic balance cannot be maintained indefinitely ͑even if the flow remains stable͒. The continuance of this state depends on the relative values of B u and . It was argued in Ref. 1 that for some flow regimes the annulus is too narrow to allow growing baroclinic waves and the flow should be stable according to the classical Eady criterion of baroclinic instability: 0 Ͻ K n W Ͻ 2.4fW / NH, where K n is the wavenumber. 25 The smallest wavenumbers give values for K n W which are too large for the unstable range. The instantaneous density measurements indicate that this criterion may be satisfied in the vicinity of the corner regions, where stratification is weak ͑N is small͒ and, therefore, the upper limit shifts toward the larger values, which allows accommodation of shorter waves.
We did not find in the literature any data on the dependence of the height of the corner regions on the Rossby number. A theoretical estimate of such dependence was given in Ref. 26 , based on the assumptions that the downward mass flux into the Ekman boundary layer over the inner part of the cylindrical tank must be balanced by the upward mass flux in the vicinity of the sidewalls and that initially the corner regions have the same thickness as the bottom Ekman layer, because they are formed by the upturning Ekman boundarylayer flow. Using the conservation of mass, the estimate for the vertical velocity out of the Ekman layer into the corner regions is found to be w = 1 2 ⌬⍀R, where R is the radius of the cylindrical test cell. Postulating that all the kinetic energy is transformed into the potential energy of the fluid element, one derives the estimate for the maximum elevation of the corner region, h / H = w / NH = 0.25 / B u , which is linearly proportional to the Rossby number. The main drawback of this simple analysis is that it neglects the dynamics of the corner region boundary, as it is clear that the continuity condition requires the boundary to move inward ͑see Fig. 14͒ . The model suggested in Ref. 20 . takes this into account by matching the solutions at the dynamic boundary between the corner region and the fluid interior, but it does not consider the establishment of the corner region and describes only the quasisteady phase of spin-up from rest ͑ =1͒. Another reason for disagreement with our experimental dependence ͑1͒ may be that the analysis performed in Ref. 26 relies on the incorrect boundary condition on the vertical sidewall, as was shown in Ref. 10 . If the wall is thermally insulated, then the boundary layer on this wall is unable to deliver a large amount of fluid upward. 13, 27 Thus, the incorrect boundary condition may be a reason for overestimating the size of the corner regions. However, the entire picture of stratified spin-up at finite Rossby numbers may be reconstructed only when the fully nonlinear theory, which describes the formation and evolution of the corner regions, becomes available.
